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ABSTRACT: An systematic phenotypic screen of the mouse gut microbiome for metabolites with an immunomodulatory effect
identified Muribaculum intestinale as one of only two members with an oversized effect on T-cell populations. Here we report the
identification and characterization of a lipid, MiCL-1, as the responsible metabolite. MiCL-1 is an 18:1-16:0 cardiolipin, whose close
relatives are found on concave lipid surfaces of both mammals and bacteria. MiCL-1 was synthesized to confirm the structural
analysis and functionally characterized in cell-based assays. It has a highly restrictive structure—activity profile, as its chain-switched
analog fails to induce responses in any of our assays. MiCL-1 robustly induces the production of pro-inflammatory cytokines like
TNF-a, IL-6, and IL-23, but has no detectable effect on the anti-inflammatory cytokine IL-10. As is the case with other recently
discovered immunomodulatory lipids, MiCL-1 requires functional TLR2 and TLR1 but not TLR6 in cell-based assays.

he innate immune system constantly surveils members of H]™ at m/z 1403.9913, calc. 1403.9962). A combined analysis
the gut microbiome to detect potential pathogens and of 'H, BC, and HSQC NMR data identified a pseudosym-
generate appropriate immune responses.”” This surveillance metric dimer with two phosphatidylglycerols, two paired
relies on specialized receptors that detect molecules with carbonyl signals, two paired olefinic methine signals, five
structural features associated with pathogens: PAMPS paired oxygenated methylene/methine groups, many aliphatic
(pathogen-associated molecular patterns). The defining methylene groups, and four virtually identical methyl groups.
characteristics of these features are imperfectly understood, Careful interpretation of 'H—'H COSY and HMBC data
and we have initiated a program to improve our understanding. afforded the chemical structure of MiCL-1 as a canonical
A recent report identified two unrelated strains, Akkermansia cardiolipin (CL), with four fatty acid esters attached to the sn-
muciniphila and Muribaculum intestinale (S24—7), with a 1/sn-1" and sn-2/sn-2’ positions, three glycerol fragments
similar ability to induce adaptive immune responses during linked by two phosphate diesters, which were further
homeostasis.” A. muciniphila has a prominent role in several supported the by 31 p NMR data (Figure SS).” The
studies relating gut microbes with health and disease.””” In a composition of fatty acids was determined to be oleic acid
recent study of A. muciniphila, we reported that a single (18:1) and palmitic acid (16:0) through fatty acid methyl
phosphatidylethanolamine (PE), a15:0-i15:0 PE with different esterification for gas chromatography—mass spectrometry
branched chain fatty acids at both the sn-1 and sn-2 positions analysis (FAME)." 19 The order of the fatty acids was
induced in vitro homeostatic cellular responses.” M. intestinale, originally established by selective O-deacylation at the sn-2
a Gram-negative obligate anaerobe recently discovered in the and sn-2’ positions for NMR as well as HRMS analysis.
mouse gut microbiome, is less studied.” It has been associated Therefore, MiCL-1 is 18:1/16:0/18:1/16:0 cardiolipin,
with inflammatory bowel disease in both mouse and human abbreviated 18:1-16:0 CL (Figure 2).
studies by several research groups.'”~" The link of these two The chain-switched isomer of MiCl-1, 16:0-18:1 CL, is
disparate microbes with similar immune responses raises commercially available (Avanti Polar Lipids), and while the
questions about the similarity, if any, of the responsible purchased material had almost identical spectral and chromato-

. . . . 1
metabolites and the}r assoaated mechanisms. ) graphic behavior to that of MiCL-1 it had no activity in our
We as.sayed M. .mtesfmale (DSNI 28989) c_ultures_ with an assays, a result that indicates a remarkably constrained
assay-sgulded fractionation technique used in earlier stud- structure—activity relationship. To rule out contamination

. 81816 . .
ies. .Th.e crude celAl pellet extract of M mtestmalfa cultu.res and/or a flawed structural analysis, we synthesized the
showed significant pro-inflammatory activity: TNF-a induction

was observed in murine bone marrow dendritic cells

i . =]ACS
(mBMDCs). Further purification identified a single active Rec'e“'ed‘ September S, 2023 ﬁj =
fraction, which was further subjected to a series of chromato- Revised:  October 7, 2023 ﬁ: -~

graphic separations and functional analysis to identify a single Accepted: October 18, 2023

compound, which we named MiCL-1 (1) (Figures la and 2). Published: October 23, 2023
MiCL-1 was assigned the molecular formula C,,H,,s0,-,P,

based on high-resolution mass spectrometry (observed [M —
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Figure 1. Pro-inflammatory activity of M. intestinale. (a) TNF-a production by mBMDCs stimulated with cell pellet fractions from M. intestinale
cultures. (b) TNF-a production of MiCL-1, MiCL-1*, and 16:0-18:1 CL in mBMDCs. (c) Dose—response of TNF-a production in mBMDCs for
MiCL-1 and 16:0-18:1 CL. LPS and Pam3CSK4 were used as positive control. Error bars = SD of technical replicates (n = 3 or 4).
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Figure 2. Structures of MiCL-1 (1) and its chain-switched isomer

(2).

proposed structure for MiCL-1, which we designate as MiCL-
1*—same structure, different sources. The synthesis is
outlined in Scheme 1. A protected glycerol, (+)-1,2-O-
isopropylidene-sn-glycerol (3), was converted to PMB ether
(4), which was subsequently converted to 1,2-diol (S§).
Regiospecific esterification of the primary alcohol of § with
oleoyl chloride led to sn-l-acylated 6. Esterification of the
remaining secondary hydroxyl group with palmitic acid
provided diacylglycerol 8 after selective deprotection of the
PMB group. Reaction of 8 with 2-cyanoethyl-N,N,N’,N’-
tetraisopropyl phosphorodiamidite generated the phosphor-
amidite intermediate 9 as a mixture of diastereomers due to the
creation of a stereogenic phosphorus atom. The coupling
reaction with intermediate 9 and PMB-protected-1,3-diol
followed by subsequent removal of PMB group generated a

diastereomeric mixture of protected 18:1-16:0 CL. Finally,
deprotection of the cyanoethyl group yielded MiCL-1%*.""*°

Three molecules MiCL-1, MiCL-1%, and 16:0-18:1 CL, were
evaluated for TNF-a induction from mBMDCs. MiCL-1 and
MiCL-1* have equal and significant activity (ECgy = 9.2 uM),
while 16:0-18:1 CL has no detectable activity (Figure 1b and
c). Dendritic cells detect bacterial metabolites through toll-like
receptor 2 (TLR2) and toll-like receptor 4 (TLR4).*° Receptor
specificity was established using mBMDCs from genetically
altered t1r2™/~ and tr4~/~ mice. MiCL-1 active in wild-type cell
assays produced a robust TNF-a induction in mBMDCs
lacking TLR4 and but no induction in mBMDCs lacking TLR2
as shown in Figure 3.

Since M. intestinale was isolated from mice and characterized
using in vitro assays with murine cells, it was important to see if
assays with human cells behaved similarly. This was
accomplished by assaying MiCL-1, MiCL-1%*, and 16:0-18:1
CL in human monocyte-derived dendritic cells (MDDCs).
Human MDDCs assays for cytokine induction showed robust
release of the pro-inflammatory cytokines TNF-a, IL-6, and IL-
23, and negligible induction of IL-10, an important anti-
inflammatory cytokine (Figure 4).

TLR2 typically forms a heterodimer with either TLR1 or
TLR6. A CRISPR/cas9 knockdown of TLR1 and TLR6 in
human MDDCs was used to show that MiCL-1 uses the

Scheme 1. Total Synthesis of MiCL-1*
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“Reagents: (a) NaH, PMBCI, DMF; (b) PTSA, MeOH; (c) 2,4,6-collidine, oleoyl chloride, DCM; (d) DMAP, EDC HC], palmitic acid, DCM; (e)
DDQ, DCM; (f) 1H-tetrazole, bis(diisopropylamino)(2-cyanoethoxy)phosphine, DCM; (g) PMB-protected glycerol, 1H-tetrazole, DCM/MeCN,

then H,0,; (h) DDQ, DCM; (i) DBU, DCM, then AcOH.
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Figure 3. (a) TNF-a production by BMDCs from #r2~/~ mice. (b)
TNF-a production by BMDCs from tlr4~/~ mice. LPS and
Pam3CSK4 were used as positive controls. Error bars are SD of
technical replicates (n = 3).
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Figure 4. Induction of cytokines (TNF-a, IL-6, IL-23, and IL-10)
from human MDDCs activated by MiCL-1, MiCL-1%*, and 16:0-18:1
CL. LPS and Pam3CSK4 were used as positive controls. Error bars =
SD of technical replicates (n = 3).

TLR2-TLR1 signaling pathway for TNF-a induction (Figure
5).
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Figure 5. TNF-a induction of CRISPR/Cas9 targeting by human
MDDCs treated with MiCL-1, MiCL-1%, and 16:0-18:1 CL. LPS and
Pam3CSK4 were used as positive controls. Error bars = SD of
technical replicates (n = 3).
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This study was motivated by the similar behavior of two
bacterial strains, A. muciniphila and M. intestinale, in an
immunomodulatory screen.” The active metabolite from A.
muciniphila had been identified as a15:0-i15:0 PE, a membrane
lipid, and this study identified 18:1-16:0 CL, also a membrane
lipid, as its counterpart from M. intestinale. What can be
learned from a comparison? Both are membrane lipids with no
distinctive headgroup; information for immunomodulatory
responses is encoded in the acyl chains. In both, the acyl chains
show a highly restricted structure—activity relationship
(unsaturated fatty acids at sn-1/sn-1’ and a saturated fatty
acid at sn-2/sn-2’), and no naturally occurring active
metabolites with similar structures were identified in either
study. While the lipids belong to different classes, they both
use TLR2-TLRI receptors and have similar ECg, values. They
have similar, but not identical, cytokine profiles, and the most
significant difference seems to be IL-23 induction.”” An
additional and completely unexpected feature of MiCL-1 is its
similarity to a recently characterized immunomodulatory
metabolite from Streptococcus pyogenes.28 The two, MiCL-1
and SpCL-1, are essentially identical as they are related by
switching a C16 saturated fatty acid (16:0) with a C18
saturated fatty acid (18:0), and both use TLR2-TLRIL.”® It is
likely that the class of cardiolipin-based immunomodulators
from human-associated bacteria will continue to expand.
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